We have investigated the effects of tuning the localized surface plasmon resonance (LSPR) of a silver film on the extinction spectrum, Raman signal, and fluorescence intensity from nearby fluorophores. We observe the formation of hybridized modes due to strong coupling between the plasmonic and molecular excitations. The Raman spectra of R6G on these films show an enhancement of many orders of magnitude due to surface enhanced scattering mechanisms; we find a maximum signal when a hybridized mode lies in the middle of the Stokes shifted emission band. The effect of fluorophore-film separation on fluorescence intensity has been investigated using an alumina spacer layer. An enhancement in detected signal of up to 18× is observed relative to that detected from a bare Ag film. Overall, we observe a greater than 40× increase in detected intensity from the alumina-coated Ag film relative to fluorophores on glass; this is a result of increased collection efficiency and a greater radiative emission rate.
INTRODUCTION
When metal nanoparticles are excited by electromagnetic radiation of a specific wavelength, their conduction electrons exhibit collective oscillations known as a localized surface plasmon resonance (LSPR). For a specific nanoparticle, the wavelength of the LSPR is sensitive to a variety of factors, such as the size, shape, interparticle spacing, and dielectric environment. [1] [2] [3] [4] [5] [6] [7] [8] Plasmon-induced fluorescence modifications are currently being investigated for a wide variety of nanostructured systems, such as metal-island films, 9 lithographically patterned nanoparticle arrays, 10 and individual gold nanospheres. 11, 12 The strong dependence of these effects on fluorophore-metal separation has been used to increase both lateral and longitudinal resolution in confocal microscopy, with important consequences for biological imaging. 13 Raman spectroscopy provides an enticing alternative to fluorescence, as it has many potential advantages and it is able to provide high-resolution information with chemical specificity. As such, the technique is finding increasing application in biological systems, 14 as it allows rapid diagnosis using spectral deconvolution techniques such as principal component analysis. However, the very weak intrinsic cross-section of the Raman scattering process (some 14 orders of magnitude less than fluorescence cross-sections) makes it impractical for many biological applications that require low laser powers and short integration times. This Raman signal can be enhanced by many orders of magnitude via surface enhanced Raman scattering (SERS) in the vicinity of noble metal nanoparticles. 15 Devices that utilize this effect can act as ultra-sensitive biosensors, with diverse applications in all areas of pathogen detection. 16 Here, we investigate the effects of tuning the plasmon resonance on the extinction cross-section, fluorescence intensity, and Raman scattering, for rough Ag films. We observe the formation of hybridized polaritonic modes due to strong coupling between the plasmonic and molecular excitations. In Raman spectroscopy a maximum enhancement of the SERS signal is found when there is a resonance between a hybridized mode, the incident laser, and the Stokes shifted Raman signal. Investigations into the effects of fluorophore-film separation on fluorescence intensity show an enhancement in detected signal of up to 18× relative to that detected from a bare Ag film. Overall, we observe a greater than 40× enhancement in intensity from the alumina-coated Ag film relative to fluorophores on glass; this is a result of increased collection efficiency and a greater radiative emission rate. 
EXPERIMENTAL DETAILS

Fabrication
Glass coverslips were cleaned in an acid piranha solution (3:1 H 2 SO 4 / H 2 O 2 ) for 60 minutes, and then rinsed thoroughly in deionised water. A thin Ag film of varying thickness was prepared by thermal deposition of Ag (99.99 % purity) in a vacuum chamber at 10 −6 atm. A movable razor blade was used to vary the nominal thickness of silver deposited onto the glass from 1 to 12 nm, in 1 nm increments. This was measured with a quartz crystal oscillator. The films were characterized using atomic force microscopy (AFM) (Veeco Explorer), and are shown in Fig. 1 : all of the films are non-continuous, with the average grain size increasing with nominal thickness.
Plasmonic tuning
Extinction spectra (Perkin Elmer UV900) were taken for all of the films, and are shown unscaled in Fig. 2(a) . For rough films, the position and width of the LSPR spectrum is determined by the size and shape distributions of the Ag grains: 17 we find that the LSPR peak position increases approximately linearly with nominal film thickness, as shown in the inset of Fig. 2 (a). Rhodamine 6G (R6G) dye was deposited uniformly onto the films by vacuum sublimation to produce a uniform coverage of approximately monolayer thickness. Extinction spectra were acquired again for each film and for R6G on glass; these are shown in Figure 1B . Analysis of the R6G on glass spectrum gives two distinct peaks at 555 and 512 nm, which are assigned to monomer and dimer excitons, respectively. 18 Comparing Figs. 2(a) and (b), we see a strong modification in the absorption of the combined system. This is a result of strong coupling of the molecular and plasmonic resonances, 19 resulting in the formation of a hybridized polaritonic state. 20 A detailed analysis of the peak positions indicates a very large Rabi splitting of 380 meV, due to the high oscillator strength of the dye and also the large local field amplitudes generated by surface plasmons. 21 These results are discussed in more detail elsewhere. 22 
Surface enhanced Raman scattering
Spatially averaged Raman spectra were acquired for R6G on the films and on glass, using a Renishaw spectrometer with a 20× objective lens (Leica, 0.4 NA). Excitation was at 514 nm (22 µW) and 647 nm (138 µW). These are shown in Figs. 3(a) and (b), respectively. No Raman signal was detectable from the glass. All films show a large enhancement in the R6G Raman signal due to Surface Enhanced Raman Scattering (SERS), 23 with a strong dependence on film thickness. 24 The integrated Raman intensity for each film is summarized in Fig. 3(c) as a function of the corresponding bare plasmon energy, for both excitation wavelengths. Using the intensity of individual peaks gives an identical trend. We see a sharp increase in SERS signal up to a maximum enhancement that depends on laser wavelength: for 514 nm excitation, this occurs for the 5 nm film with an LSPR at 550 nm, whereas for 647 nm excitation, the largest signal is from the 8 nm film with an LSPR at 620 nm. When compared with the hybridized peak positions in Fig. 2(b) , Fig. 3(c) shows that the largest SERS signal is produced when the hybridized mode is halfway between the incident laser line and the wavelength of the Raman emission. This occurs because the total Raman enhancement is the product of two factors: the enhancement of the excitation field from the laser, increasing the rate of molecular excitation, and the enhancement of the emitted Raman radiation field, created by coupling of the scattered field with radiating plasmons which act as antennae emitting on behalf of the molecule. When the hybridized plasmon resonance of a film lies between the laser line and the wavelength range of the Raman spectrum, the enhancement is optimized by maximizing both factors. 25 As the film resonance becomes red-shifted with increasing thickness, it moves away from the optimum position and the SERS enhancement reduces, as shown in Fig. 3 (c).
Fluorescence enhancement
For fluorescence measurements, Ag films of various thicknesses were prepared on a single coverslip, as described in Sec. 2.1. Selected regions of the films were then covered with a spacer layer of Al 2 O 3 (alumina) of various thickness, by thermal vacuum sublimation. The whole slide was subsequently covered with a monolayer of R6G. Fluorescence intensity images were obtained using a scanning confocal microscope (Leica TCS SP2, 20× 0.5 NA objective lens) and 488 nm excitation. Fig. 4(b) , normalized to the peak intensity from the glass. Large areas were chosen to eliminate localized variations in intensity. We observe a 20 nm blue-shift in the peak for the R6G on alumina, relative to regions without alumina. Fluorophores often display multiple interactions with their local environment, with a resulting shift in emission that depends on the local refractive index and dielectric constant. 26 There is an obvious difference in detected signal intensity from each of the different regions in Fig. 4(a) . One contribution to the amplification of the detected signal is the redirection of the emitted light due to a modification of the spatial radiation pattern. 27 The spatial radiation pattern depends strongly on the refractive index of the substrate; hence for a low NA objective lens, a shift in the polar emission can lead to an increase in collection efficiency. This might explain the ∼10× increase in signal from the alumina coated glass relative to the uncoated glass.
The fluorescence signal from the bare Ag film is slightly less than that from the alumina on glass. Molecules in very close proximity to a metal show significant fluorescence quenching due to dominant non-radiative energy transfer. 28 Similar measurements of fluorescence intensity and lifetime for R6G on nanoparticle arrays indicate a strong distance-dependent competition between radiative and non-radiative decay channels. 29 This is clearly shown by the 6-fold enhancement in fluorescence signal for the Ag film with and without the alumina spacer layer. Overall, we observe a greater than 40× enhancement in intensity from the alumina-coated Ag film relative to the glass, resulting from increased collection efficiency and a greater radiative emission rate. thicknesses, for different alumina spacer layers. The films with no spacer layer show only a modest enhancement, due to the predominant quenching processes as discussed above. With increasing spacer layer thickness there is a large enhancement in detected signal which is dependent on the Ag film thickness: the 2 nm film shows the greatest relative change in enhancement of 18× with the addition of a spacer layer, whereas the 4 nm film shows the greatest overall enhancement of 30×. This arises from a combination of increasing Ag surface area coverage ( Fig. 1 ) and a shift in the LSPR position (Fig. 2) . The importance of the latter effect can be seen in the drop in the detected intensity between the 4 nm and 7 nm films: despite an increase in Ag coverage for the 7 nm film, the red-shift in the LSPR peak results in a decrease in the molecular excitation and radiative emission rates, reducing the overall photon recycling rate. 29 
CONCLUSION
In summary, we have observed a strong coupling between the plasmonic and molecular resonances of R6G on thin Ag films. This results in the formation of hybridized polaritonic modes with a Rabi splitting of almost 400 meV. By varying the nominal thickness of the Ag film, we find a maximum enhancement of the R6G SERS signal when there is a resonance between a hybridized mode, the incident laser, and the Stokes shifted Raman signal. There is an enhancement in detected fluorescence signal of up to 18× when the fluorophores are separated by a 6 nm alumina spacer layer, relative to that detected from a bare Ag film. Overall, we observe a greater than 40× increase in detected signal from a 10 nm alumina-coated Ag film relative to fluorophores on glass; this is a result of increased collection efficiency and a greater radiative emission rate. Furthermore, by varying the Ag film thickness there is a variation in detected signal due to LSPR tuning effects.These results have important implications for a wide range of fluorescence-based technologies; in particular, plasmonic engineering of nanostructures will have a crucial role in the development of novel biomedical applications, such as highly sensitive biosensors.
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